Introduction
Stone columns are increasingly used to improve the ground load bearing, especially in the stabilization of embankments, roads, and reservoirs. The axial capacity of the stone column will be mobilized from the resistance generated against column expansion and increased resistance to lateral deformation. Stone columns are used as an economical and environmentally-friendly way to improve soft soils such as clay, silts, and silty sand. The most important function of stone columns is to increase soil bearing capacity, reduce total soil settlement and increase drainage capacity [1] . This method is based on the replacement of a part of a soft or loose soil with vertical columns consisting of dense aggregates, a soil transformation onto composite materials showing higher shear strength and permeability and lower compressibility. It is commonly expected that the strength and stiffness of stone columns will be achieved by their confining stress caused by surrounding soil. If the soil is strong enough, the stone column will have a uniform diameter with an estimated amount of rock materials, but in case of insufficient confinement from the surrounding soil, the performance of the stone column will be inappropriate. In very soft soils (Cu <15 kPa) [2] , the generated confining stress may not be sufficient and although they may be caused by additional containment due to structural loads, but the containment may require radial deformation at the top of the column in poor soils and this point might lead to failure. To develop the required lateral containment for the column and increase the bearing capacity of the soft soil, the column should be covered by a hard and creep-resistant geosynthetics, resulting in geosynthetic-encased column (GEC).
In recent years, geotextile coating has been used to expand the use of stone columns in soft soils. Although this technique has been well established, little research was performed on the use of other coating materials such as geogrid. The idea of covering stone columns was initially presented by van Impe [3] . In spite of the benefits of using encased stone columns, this technique is not widely used, due to the limited understanding of its response and the difficult of installation techniques. To better understand the behavior of engineering structures and avoid the imposed high costs due to large-scale testing of them, experimental, analytical and numerical methods are usually used. In terms of experimental studies, Gniel and Bouazza [4] discussed the results of small-scale testing of stone columns in extremely soft soils with varying encasement length and investigated the effect of increasing the encased length on the reduction of vertical strain. Miranda and da Costa [5] studied the increase in strength of samples encased with geotextiles compared with non-encased ones. In regard to the analytical studies, Pulko et al. [6] developed a design procedure based on analytical closed-form solution for non-encased and encased stone columns, taking into account the encasement stiffness, column arrangements and load levels. Castro et al. [7] compared the stress distribution and the settlement reduction of end-bearing columns from analytical solutions with those from Abstract: Soft cohesive soils containing much silt or clay content with low bearing capacity are not suitable for deep vibratory compaction. To improve the bearing behavior of these types of soils to withstand against heavy building loads, the surrounding soil mass must be reinforced with any stiff physical or chemical admixture. Using stone column technique has been proven to be one of the most appropriate methods of improving soil strength. By employing vertical columns of compacted aggregate through the soils, vertical load carrying capacity and shear resistance in the soil mass will be improved. However, the effect of various parameters on the amount of this enhancement is not fully identified. To that end, the geotechnical finite element program PLAXIS was employed to model the effect of stone column application on the bearing capacity of clay soils. According to the results, as important factors, the influence of the length of the stone columns and the stiffness of their encasement is more significant and need to be considered in the comprehensive analysis and design of the soil-structure system. Keywords: Stone columns, foundation, geotextile, finite element method, reinforced soil laboratory measurements and numerical simulations, considering plastic strains in the column.
In most geotechnical engineering problems, finite element analysis can be employed as a useful tool to evaluate the performance and predict the bearing behavior of the structure [8] [9] [10] [11] [12] [13] . Therefore, the analysis of stone columns by numerical methods such as finite element analysis would give us a good representation of the load carrying behavior of the soil. In this regard, Murugesan and Rajagopal [1] studied the quantitative and qualitative improvement of the stone column load capacity through comprehensive parametric studies with finite element method. Lo et al. [14] showed the potential of using geosynthetic encasement for enhancing the effectiveness of stone columns in very soft clay by employing finite element method.
Based on the mentioned advantages of numerical modeling, the analysis of the effect of stone columns on the bearing capacity of the above shallow foundation was performed in this study. For this purpose, finite element program PLAXIS was used to simulate the soil and foundation was validated against existing literature. In a parametric study, the influence of various diameter, length, and number of stone columns, different stiffness of encasements and varying foundation breadth were investigated.
Numerical Model
In this study, the bearing capacity of shallow foundation on geotextile-encased stone columns in different conditions was investigated in two-dimensional space. In general, the arrangement of stone columns is three-dimensional and therefore it is necessary to use the equivalent strip for modeling a row of stone columns in a plane strain state. The width of the equivalent strip is indicated by the following expression:
where S is center to center distance of stone columns, D is the column diameter and te is the width of the equivalent strip. The Area Replacement Ratio (ARR), defined as the ratio of column cross section area to total treatment area, has also an important effect on the response of stone columns. This ratio is expressed as:
The area replacement ratio should be between 10% and 30% to have an efficient influence on the results (Hu et al. [15] ). Thus, the ratio of 12.5% (corresponding to the ratio of 2.5 S D  ) was considered as a constant value for this study.
Finite element simulation
In order to properly model the stone column, finite element tool was employed with the consideration of soilstructure interaction. Fig. (1) shows the finite element mesh used in this study and the foundation on the top of a series of stone columns. Plane strain condition was assumed in the model due to the nature of stone columns. Fifteen-node triangular elements were used in the mesh of the model. The lateral sides of the model were fixed against the horizontal movement and were allowed to have settlement. The bottom of the model was constrained against both vertical and horizontal movements. Only half of the system was modeled due to the symmetry condition. The concentration of finite element mesh near the stone columns is higher than that in farther distances to acquire better accuracy. The connection of the stone columns and the encasement as well as the connection of the encasement and the surrounding soil was modeled by interface elements (as described in Taghavi Ghalesari et al. [16, 17] ) with the strength reduction coefficients of 0.7 and 0.8, respectively. The depth of the soil was assumed to be 20 m and the width of the model was considered to be dependent on the breadth of the foundation to diminish the effect of the boundary on the response. The width of the foundation for the base model was B=15 m, the vertical applied load was 100 kPa, and the diameter, length and number of stone columns were 1m, 14m and 9, respectively.
After modeling the in-situ condition and generating the corresponding stresses, the staged loading was applied on the model, which means that the excavation, placement of encased stone columns and application of static vertical loading were simulated.
Verification and validation
Prior to perform any numerical analysis, the described simulation procedure was investigated through a comparison with an existing research by Narasimho et al. [18] on the stone column behavior. The soil mass with a height of 350 mm and a diameter of 650 mm was reinforced with a single stone column with a length of 225 mm and a diameter of 50 mm located in the middle of it and tested with a laboratory model and loaded by a rigid sheet with a diameter of 100 mm to the failure. The clay soil with an elastic modulus of 4 MPa, a Poisson's ratio of 0.45 and an undrained cohesion of 20 kPa, and a stone column with an elastic modulus of 45 MPa, a Poisson's ratio of 0.30 and an internal friction angle of 38° were used. Fig. (2) illustrates the satisfactory agreement between the results of the numerical modeling through the aforementioned procedure and the experimental study conducted by Narasimho et al. [18] . Numerical model (Present study) Fig. 2 Comparison of the results from experimental test by Narasimho et al. [18] and the present study.
To validate the accuracy of the proposed modeling procedure, experimental study conducted by Debnath and Dey [19] was modeled. In their study, a group of 12 stone columns (GP soil, 2.65 Numerical model (Present study) Fig. 3 Comparison of test results [19] and numerical simulation results. Table 1 lists the material used in this study for modeling the soil, foundation and stone columns. To model the soil and stone column, elastic-perfectly plastic Mohr-Coulomb constitutive model with the parameters mentioned in Table 1 was utilized. 
Materials

Results and Discussion
To evaluate the effect of using geotextile-encased stone columns (GECs) on the bearing capacity of the overlying shallow foundation, the bearing capacity improvement ratio BCI (bearing capacity of treated-tountreated soil) was defined as follows:
where GEC q is the bearing capacity of the foundation over geotextile-encased stone columns and OSC q is the bearing capacity of the foundation over ordinary stone columns.
As an indicator of the ultimate bearing capacity of the foundation, the load corresponding to the settlement of 0.1D (D=diameter of stone columns) was considered and compared in different cases, as suggested by Hu and Randolph [20] . The effect of different parameters such as the stiffness of the geotextile encasement (
length (L), diameter (D), number of stone columns (n) and the width of the foundation (B) were investigated in this study.
Effect of the geotextile stiffness
The stiffness parameter of the geotextile-encased stone column (J) indicates its axial stiffness, which is expressed as [21]) was considered. Fig. (4) shows the effect of stiffness of geotextile encasement on improving the bearing capacity of the foundation on the stone column. As indicated, by increasing the stiffness (tensile strength) of the geotextile encasement, load bearing capacity ratio linearly increases. This is due to the increase in the confinement of the materials inside the stone column and decreasing the bulging of the columns, which results in an appropriate load transfer from the structure to the underlying stiff layers. The increase in bearing capacity is more pronounced for long stone columns since they are more prone to bulging and need a better confinement. 
Effect of the length of stone columns
As one of the other influencing parameters on the performance of shallow foundations over stone columns, the length of the columns (L) was investigated in this section. Fig. (5) demonstrates the results of the parametric analysis at three lengths of 7, 14 and 20 m. As can be seen, with the increase in the length of the columns, the bearing capacity of the foundation increases. The reason for this is the reinforcement of the underlying soil to further depths with higher strength. In fact, the increase in the length of the ordinary stone column causes the lateral swelling of the column and the subtle increase of the bearing capacity, but in the case of encased stone columns, load carrying capacity is controlled by increasing tensile strength of the encasement and increasing the BCI value. As can be seen in Fig. (5) , a significant increase in the bearing capacity ratio and, in fact, a significant improvement in the bearing capacity of the encased stone column with a length of 20 m is due to the decrease in the amount of OSC q in Eq. (3) due to bulging of this tall column. Another reason for this is the increase in the load carrying capacity of the stone column due to the use of the end bearing capacity (the depth considered for the soil is 20 m in accordance with Section 2.1). J=4000kN/m, L=14m, n=9
Effect of the diameter of stone columns
Fig . 6 The effect of diameter of stone columns on the load carrying ratio of the foundation.
As illustrated in Fig. (6) , increasing the diameter of the stone columns at constant ratio of S/D, leads to increasing their spacing. Consequently, the overlap of the areas affected by the columns increases and the reinforced soil block is formed, resulting in higher load bearing capacity rather than close columns arrangement.
Effect of the number of stone columns
The number of stone columns (n) that were built beneath the shallow foundation might affect the bearing behavior of that. For a certain foundation breadth (B) and constant S/D, a limited number of stone columns can be used, which are 4, 9 and 16 in this study. In Fig. (7) , the change in the bearing capacity ratio with the number of stone columns has been indicated. As indicated, the bearing capacity of the foundation increases with increasing the number of stone columns. However, the rate of this increase becomes slow when the number of stone columns exceeds 9, which can be considered an approach toward optimum design. J=4000kN/m, L=14m, D=1m Fig. 7 The variation of bearing capacity improvement ratio with the number of stone columns.
Effect of the width of the shallow foundation
The effect of using sequences with different widths on 9 stone columns with a length of 14 m, diameter of 1m and the stiffness of 2000 kN/m under a vertical load of 100 kPa were carried out and the results are presented in Fig. (8) . Width B=15m, L=14m, n=9
Width B=20m, L=14m, n=9 Fig. 8 The influence of width of the shallow foundation over stone columns on the improvement of the bearing capacity
As can be seen in Fig. (8) , the use of stone columns under foundations with lower width will have little impact on the load capacity. As the foundation width increases, load capacity will be reduced, and the encasement effect will be more evident. Increasing the width of the foundation will cause part of the applied load to be tolerated by the soil around the columns and as a result of soil stress increase, the tensile stresses of the columns rises, and the lateral encasement reduces and subsequently the load capacity of the foundation decreases.
Summary
In this study, the load bearing behavior of shallow foundation constructed on a group of stone columns was investigated through a series of plane strain finite element analyses. The proposed model was validated against the results of a small-scale testing. The parameters considered in the parametric study are geotextileencasement stiffness, diameter, length and number of stone columns and the width of the foundation. According to the results, even though the foundation breadth and the diameter and number of stone columns cause increasing in the bearing capacity of the foundation, the effect of their length and the encasement stiffness is more pronounced, which can be considered as an important factor in the analysis of shallow foundation on reinforced soils.
